AMPA receptors mediate most of the fast postsynaptic response at glutamatergic synapses. The abundance of AMPA receptors in neurons and at postsynaptic membranes is tightly regulated. It has been suggested that changes in synaptic AMPA receptor levels are an important regulatory event in synaptic plasticity and learning and memory. Although the local, synapse-specific regulation of AMPA receptors has been intensely studied, global, cell-wide control is less well understood. Using a forward genetic approach, we identified glutamate receptor level decreased-1 (GRLD-1), a putative RNA-binding protein that was required for efficient production of GLR-1 in the AVE interneurons in the nematode Caenorhabditis elegans. In grld-1 mutants, GLR-1 levels were markedly reduced. Consistently, glutamate-induced currents in AVE were diminished and glr-1-dependent nose-touch avoidance behavior was defective in grld-1 mutants. We propose that this evolutionarily conserved family of proteins controls the abundance of GLR-1 by regulating glr-1 transcript splicing.
The AMPA-type glutamate receptors are ligand-gated ion channels that mediate the majority of fast excitatory neurotransmission in the brain. Thus, the abundance of surface AMPA receptors at the synapse and their conductance are important determinants of synaptic strength for glutamatergic synapses. It is widely accepted that regulation of AMPA receptors at individual synapses is one of the core molecular mechanisms underlying synaptic plasticity and learning and memory 1 .
In addition to synapse-specific plasticity, another form of plasticity occurs at the whole-neuron level. Neurons must coordinate synaptic strength at the whole-cell level over time to prevent destabilizing feedback loops. The input-specific potentiation of synaptic strength must be scaled by cell-wide homeostatic mechanisms. The regulation of AMPA receptor abundance has also been implicated as an important molecular mechanism for this type of synaptic scaling 2, 3 .
To study AMPA receptor regulation, we focused on the AMPA receptor GLR-1 in C. elegans, the closest homolog to vertebrate AMPA receptor subunits. GLR-1 is found in ~10% of the 302 neurons in the worm [4] [5] [6] and is necessary for many behaviors, including hyperosmotic avoidance, tactile avoidance, foraging and long-term memory 7 . Previous findings indicate that homeostatic synaptic scaling also occurs via GLR-1 in C. elegans, as loss of evoked synaptic neurotransmitter release in unc-2, a voltage-dependent calcium channel, and eat-4, a vesicular glutamate transporter, mutants both lead to increased GLR-1 levels 8 . In addition, a number of studies have focused on the abundance of GLR-1 in many neurons in the C. elegans ventral nerve cord, identifying regulators such as LIN-10 (ref. 9 ), CaMKII 10 and the ubiquitin proteasome system 11, 12 .
To discover new regulators of GLR-1 abundance, we studied GLR-1 in two bilaterally symmetric command interneurons, AVEL and AVER (subsequently referred to as AVE). Although previous studies have looked at GLR-1 in many neurons in the ventral cord, we hypothesized that studying GLR-1 with single-cell resolution would yield new regulators. Using a forward genetics approach, we found a new positive regulator of GLR-1 levels, GRLD-1, a member of the conserved RNA-binding family of SPEN proteins. Rescue experiments with cDNA and genomic constructs suggest that GRLD-1 may function via splicing of the glr-1 transcript.
RESULTS

grld-1 mutants exhibit reduced GLR-1 levels in AVE
To explore the molecular mechanisms that regulate the level of glutamate receptors in vivo, we used a previously described, functional, fluorescently tagged GLR-1 protein 9, 10, 13 . We visualized GLR-1 in vivo in the bilaterally symmetrical backward command interneurons AVE by expressing a GLR-1-YFP fusion protein driven by the opt-3 promoter 14 (Fig. 1a) . Serial electron microscopic reconstruction shows that the proximal segment of AVE in the nerve ring is exclusively postsynaptic, whereas the distal portion of the process in the ventral cord is predominantly presynaptic 15 . AVE receives synaptic input from sensory neurons and interneurons. Together with the other two backward command neurons AVA and AVD, AVE innervates A-type motor neurons 16 (Fig. 1b) . When worms collide nose-on with an object, they respond by initiating backward movement, which is mediated by these backward command neurons. glr-1 is expressed in AVE and the nose-touch behavior is defective in glr-1 mutants, suggesting that glutamatergic transmission is required for the behavioral function of AVE [4] [5] [6] .
Consistent with the electron microscopic data, GLR-1-YFP fluorescence localized predominantly in the proximal segment of the AVE process, whereas presynaptic markers, such as SNB-1, localized to the distal axonal segment ( Fig. 1c and Supplementary Fig. 1d ).
To identify regulators of GLR-1 expression, we performed a visual forward genetic screen for mutants in which GLR-1-YFP levels were affected in AVE. From the screen, we isolated two recessive mutants, wy225 and wy655, which exhibited a marked reduction of GLR-1-YFP a r t I C l e S levels in the AVE 'dendrite' in both developing and mature worms. Non-complementation experiments showed that the two alleles were in the same complementation group, which we named grld-1. When compared with wild-type controls, grld-1(wy225) and grld-1(wy655) worms had a 68.3% (n = 54) and 72.7% (n = 22) reduction, respectively, in GLR-1-YFP level in the AVE proximal segment in L2-stage worms ( Fig. 1c-e ). In the cell bodies of AVE, we found a 79.5% reduction of GLR-1-YFP in L2-stage worms (grld-1(wy225), n = 23). The reduction in GLR-1-YFP persisted during the lifespan of the worm, with a similar reduction of GLR-1-YFP at L4 stage and in young adults (see below). The polarized distribution of GLR-1 to the dendritic segment was not affected, as ectopic GLR-1-YFP fluorescence was not observed in the axon (data not shown).
To understand how grld-1 mutations affect AVE, we first examined the general morphology of the neuron. Expression of cytoplasmic mCherry driven by the opt-3 promoter revealed that the AVE cell body was normally localized and that the outgrowth and guidance of the AVE neurite was not affected ( Supplementary Fig. 1a,b ). In addition, the expression level of mCherry was not decreased in grld-1(wy225) worms, indicating that the opt-3 promoter was not affected by the grld-1 mutation and is not likely to be the cause of the reduced expression of GLR-1-YFP (n = 35; Supplementary Fig. 1c ).
We next examined whether the general axon-dendrite polarity of AVE was still intact. We found that the expression level and localization of the synaptic vesicle protein SNB-1-CFP in AVE was not affected in grld-1(wy225) mutants ( Supplementary Fig. 1d,e) . The localization and expression of another somato-dendritically localized protein, ROR receptor tyrosine kinase CAM-1-YFP 17, 18 , was also not affected in grld-1(wy225) mutants ( Supplementary Fig. 1f-h) . Taken together, these experiments suggest that GRLD-1 specifically regulates the expression level of GLR-1.
We examined whether the expression of fluorescently tagged GLR-1 in other neurons was also affected in grld-1 mutants. GLR-1-GFP expressed under the glr-1 promoter was not grossly affected (data not shown). Because the glr-1 promoter is expressed in many neurons, it was difficult to determine whether GLR-1 levels were reduced in a subset of neurons including AVE. We therefore examined expression of GLR-1-GFP in another interneuron, RIA, and found no effect in grld-1(wy225) mutants (data not shown). Thus, grld-1 appears to be required for expression of GLR-1 specifically in AVE.
Because AVE is a backward command interneuron involved in the nose-touch avoidance behavior, we reasoned that the reduction in GLR-1 level might affect this behavior. Consistent with previous reports 4, 9 , wild-type worms displayed an avoidance response of 66.8%, whereas glr-1(n2461) worms had an avoidance response of 16.4% ( Fig. 2a) . Notably, grld-1(wy225) mutants had an avoidance response of 9.7%, which was significantly less than both wild-type (P < 0.001) and glr-1(n2461) (P < 0.05) worms, suggesting that grld-1 is required for the nose-touch avoidance behavior ( Fig. 2a) .
Although the reduction of GLR-1-YFP in the grld-1 mutant indicates an overall decrease in the amount of GLR-1, the fluorescence readout does not distinguish between functional surface receptors and receptors in the internal stores. To directly measure functional GLR-1 in AVE, we used in vivo whole-cell patch-clamp techniques to record a r t I C l e S glutamate-gated currents in AVE (Fig. 2b,c) . Exogenously applied glutamate from a pressured pipette typically induced an inward current in AVE, with an average amplitude of 34 pA pF −1 in wild-type worms (Fig. 2d) . In grld-1 mutants, the amplitude of the glutamateinduced inward currents was significantly reduced (6.8 pA pF −1 , P < 0.05; Fig. 2d ). The overall voltage-dependent membrane currents in AVE were similar in wild-type and grld-1(wy225) worms, suggesting that the general electrophysiological properties and healthiness of AVE were not changed ( Supplementary Fig. 2) . Taken together, these results argue that GRLD-1 is essential for generating appropriate amounts of functional glutamate receptors on the cell surface.
GRLD-1 is a SPEN family RNA-binding protein
We identified the mutations responsible for both the grld-1(wy225) and grld-1(wy655) phenotypes in the predicted gene F29C4.7 by genetic mapping and transformation rescue (data not shown). The molecular lesion for grld-1(wy225) is a G-to-A transition that disrupts the splice donor site for intron 4 ( Fig. 3a) . Without proper splicing of intron 4, GRLD-1 is predicted to be truncated, with the addition of three amino acids followed by an in-frame stop codon in the unspliced intron 4. The molecular lesion for grld-1(wy655) is a G-to-T transversion that results in a stop codon, G397Stop (Fig. 3a) .
In addition, we also performed RNA interference (RNAi) of F29C4.7 and found that GLR-1-YFP levels in AVE were reduced by 57.0% (Supplementary Fig. 3) . These results indicate that both grld-1 alleles act as loss-of-function alleles. grld-1 encodes a putative RNA-binding protein of the conserved split ends (Spen) family ( Fig. 3b) . SPEN proteins are characterized by three N-terminal RNA recognition motifs (RRMs) and a C-terminal SPOC (SPEN paralog and ortholog C-terminal domain) domain ( Fig. 3a) 19 . Worms, flies, mice and humans all have at least two types of SPEN family members: a short form (to which GRLD-1 belongs) and a long form (Fig. 3a) . In C. elegans, grld-1 is the sole short-form member and has not been previously studied. din-1L is the only long-form member in C. elegans 20 . We found that din-1L(hd36) did not reduce the levels of GLR-1-YFP in AVE (data not shown) and RNAi of din-1L also did not reduce the levels of GLR-1-YFP in AVE (Supplementary Fig. 3 ).
GRLD-1 is expressed widely and localizes to the nucleus
We then determined the expression pattern of grld-1 using fosmid recombineering 21 to engineer an in-frame GFP at the C terminus of the grld-1 open-reading frame. We found that grld-1 was expressed in many cell types, including, muscles, epithelial cells and neurons.
Coexpressing mCherry under the opt-3 promoter, we found that grld-1 was expressed in AVE ( Fig. 3c) . grld-1 was also expressed in many of the neurons that are important for the nose-touch behavior, including the A-type motor neurons, the sensory neuron, ASH, and the glr-1expressing interneurons AVA and AVD (Supplementary Fig. 4a-c) .
We examined GRLD-1 subcellular localization in AVE by expressing GRLD-1 N-terminally tagged with GFP under the opt-3 promoter. GFP-GRLD-1 exclusively localized to the nucleus of AVE ( Fig. 3d-f ). This is similar to the localization of GRLD-1 homologs 19, [22] [23] [24] [25] and is consistent with for the idea that GRLD-1 is involved in regulating RNA.
GRLD-1 functions cell autonomously in AVE
To determine which cells grld-1 functions in to regulate GLR-1 levels in AVE, we expressed grld-1 cDNA using the opt-3 promoter in grld-1 a b a r t I C l e S mutants. We found that transgenic worms not only rescued the fluorescence defect, but also expressed GLR-1 at a significantly higher level than wild-type worms (P < 0.001; Fig. 4a) . Similarly, expression of grld-1 in grld-1(wy225) mutants under the nmr-1 promoter, which is expressed in AVE, but not in other cells that overlap with the opt-3 promoter, rescued GLR-1 levels in AVE (data not shown). These data suggest that GRLD-1 functions cell autonomously in AVE to regulate the level of GLR-1. Furthermore, cell-autonomous expression of grld-1 also significantly rescued the nose-touch defects in grld-1 mutants (P < 0.01; Fig. 4b ). Mutant worms expressing Popt-3<grld-1 at a higher level (50 ng μl −1 ) exhibited a higher level of behavioral rescue than worms expressing a lower level (20 ng μl −1 ) of the same transgene (Fig. 4b) , implying that a high dose of GRLD-1 can lead to high levels of GLR-1.
The rescue of the behavioral defect was not complete, even in strains in which the level of fluorescent GLR-1 in AVE was higher than in our initial GLR-1-YFP-expressing line. We considered two possible explanations for the discrepancy between the higher than normal GLR-1-GFP in AVE and the incomplete behavioral rescue. One was that the high GLR-1-GFP might not represent functional receptor on the cell surface. To directly test this idea, we recorded glutamate-induced excitatory current from AVE in grld-1(wy225) mutants expressing Popt-3<grld-1 (50 ng μl −1 ). We found that expression of grld-1 in AVE was able to restore the glutamate-gated current in AVE to wild-type levels (Fig. 4c,d) . The inward current was not significantly higher than wild-type levels (P > 0.05), suggesting that there are additional mechanisms that control the membrane insertion of GLR-1 in AVE. Nevertheless, the current rescue suggests that the function of AVE is likely rescued in these cell-autonomously rescued worms.
The second possibility that we considered was that additional grld-1expressing cells (other than AVE) are required for the nose-touch avoidance behavior. Because our expression analysis revealed that grld-1 was expressed in other glr-1-expressing neurons, we tested whether expression of grld-1 in glr-1-expressing neurons could rescue the behavior. We found that these strains also partially rescued the nose-touch behavior, but not to wild-type levels ( Supplementary  Fig. 5) . A number of reasons may explain the lack of complete rescue, including a requirement of grld-1 in glr-1-negative cells in the nose-touch circuit and improper temporal regulation or magnitude of expression resulting from the glr-1 promoter.
The RRM domains are sufficient to rescue GLR-1 levels To understand which domains of GRLD-1 are necessary for GRLD-1 function, we created two truncated cDNA constructs expressed under the opt-3 promoter in grld-1 mutants: one with the RRM domains (amino acids 1-375) and one with the SPOC domain (amino acids 322-520). Expression of the RRMs completely rescued the GLR-1 defect in grld-1 mutants (Fig. 5) . Expression of the SPOC domain increased the levels of GLR-1 in grld-1 mutants, but the levels were still significantly below those of wild-type controls (P < 0.001; Fig. 5 ).
There is an apparent discrepancy between the ability of the RRMs to rescue the GLR-1 defect and our grld-1 mutations that both result in stop codons after the RRMs. One reason for this discrepancy could be the degradation of grld-1 transcripts in the grld-1 mutants caused by nonsense-mediated decay (NMD). We blocked NMD with the null smg-3 (r930) mutation 26 in grld-1(wy225) mutants. GLR-1 expression in the smg-3(r930); grld-1(wy225) double mutants was similar to that in grld-1 (wy225) mutants (data not shown), suggesting that the grld-1 transcript is not degraded by NMD. Another reason that the RRMs alone are able a r t I C l e S to rescue the GLR-1 defect may be that the wy225 and wy655 mutations result in a truncated GRLD-1 that has reduced activity and is not sufficient for wild-type expression of GLR-1, whereas overexpressed levels of GRLD-1 RRMs are sufficient for high expression of GLR-1.
GRLD-1 functions through glr-1 introns after development
Because the RRM domains, which are known to bind RNAs, were sufficient to rescue the phenotype of grld-1 mutants, we hypothesized that GRLD-1 functions by regulating glr-1 RNA. This hypothesis is consistent with previous findings that AMPA receptor RNA is regulated 1 . Because many transcripts have been shown to be regulated and stabilized through their 3′ UTRs 27,28 , we first wanted to determine whether the glr-1 3′ UTR was necessary for GRLD-1 to regulate GLR-1 levels. We reasoned that if the glr-1 3′ UTR was indeed required for proper GLR-1 levels through GRLD-1, then glr-1 with a different 3′ UTR would bypass the need for GRLD-1. We decided to use the unc-10/RIM 3′ UTR, as we had already found that cam-1<unc-10 3′ UTR expression was not reduced in grld-1 mutants (Supplementary Fig. 1f-h) .
The glr-1 transgene used in the experiments described thus far was the genomic fragment of glr-1 that included all of the introns and the endogenous 3′ UTR (Fig. 6) . We replaced the 3′ UTR with the unc-10 3′ UTR, creating a glr-1 genomic<yfp<unc-10 3′ UTR transgene (Fig. 6b) .
In two independent transgenic lines expressing glr-1 and the unc-10 3′ UTR, the fluorescence intensity was lower in grld-1 mutants compared with wild-type to a similar degree as seen with the construct carrying the glr-1 endogenous 3′ UTR (Fig. 6d,e ). This result indicates that GLR-1 can still be regulated by GRLD-1 independent of the 3′ UTR and that the 3′ UTR of glr-1 is not required for its regulation by GRLD-1.
We next hypothesized that GRLD-1 may regulate the glr-1 transcript through the glr-1 introns. For example, GRLD-1 may be required to splice out an intron and GLR-1 levels may be lowered without this splicing. We thus created a glr-1 cDNA<gfp<glr-1 3′ UTR transgene that contained the glr-1 cDNA without any introns followed by the glr-1 3′ UTR (Fig. 6c) . Notably, grld-1 mutants and wild-type worms displayed similar GLR-1 fluorescence from the cDNA construct ( Fig. 6f-h) . In other words, the requirement for GRLD-1 regulation was largely absent for the strains expressing glr-1 cDNA<gfp<glr-1 3′ UTR. As the only difference between the genomic construct and the cDNA construct was the presence of the introns, this result suggests that GRLD-1 may be required for proper generation of mature mRNA in AVE.
If wild-type levels of GLR-1 protein can be achieved by expression of glr-1 cDNA, even in the absence of grld-1, we hypothesized that glr-1 cDNA should be able to rescue the nose-touch behavior in grld-1 mutants. In addition, the glr-1 genomic construct with introns should not rescue the behavioral defect. To test these predictions, we used the nose-touch behavioral assay to test grld-1 mutants expressing either the cDNA construct or the genomic construct. We observed significant rescue in grld-1 mutants that expressed the cDNA (P < 0.01), but not the genomic construct (P > 0.05; Fig. 6i ). Expression of glr-1 in grld-1(wy225) to rescue the nose-touch behavior also suggests that specific loss of glr-1 in AVE of grld-1 mutants is an important cause of the nose-touch defect.
These results led us to hypothesize that GRLD-1 regulates the splicing of glr-1. We speculated that GRLD-1 may be required to splice a specific set of glr-1's 13 introns or may be required to splice any intron in glr-1. To test these two possibilities, we constructed three genomic-cDNA hyrbids of glr-1: glr-1 genomic (minus introns 1-2)<gfp<glr-1 3′ UTR, glr-1 genomic (minus introns 3-9)<gfp<glr-1 3′ UTR and glr-1 genomic (minus introns 10-13)<gfp<glr-1 3′ UTR. We found that without introns 1 and 2 the requirement of GRLD-1 for GLR-1 expression was largely reduced; however, constructs lacking introns 3-9 or 10-13 still required GRLD-1 for normal GLR-1 expression ( Supplementary Fig. 6c-e,g) . These findings suggest that the splicing of glr-1 introns 1 and 2 is critical for proper expression of GLR-1 and this splicing requires GRLD-1. To further test whether introns 1 and 2 are sufficient to enlist the control by GRLD-1, we constructed a a r t I C l e S genomic-cDNA hybrid containing only introns 1 and 2, glr-1 genomic (minus introns [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] <gfp<glr-1 3′ UTR. This construct, similar to the genomic construct, produced low levels of GLR-1 in the absence of GRLD-1 (Supplementary Fig. 6f,g) .
Taken together, these data argue that GRLD-1 regulates the splicing of glr-1, specifically the removal of introns 1 and 2, and is required for the efficient generation of mature glr-1 mRNA in AVE. A direct test of this hypothesis would be to compare the level of glr-1 mRNA in the mutant and the wild-type worms. We used quantitative real-time-PCR to measure the total glr-1 mRNA in the entire worm and found no substantial difference between wild-type and grld-1 mutants (data not shown). However, glr-1 is expressed in many neurons [4] [5] [6] , and GRLD-1 might only regulate glr-1 in a small subset of cells. Indeed, we examined GLR-1 levels in all glr-1-expressing neurons using the glr-1 promoter and found that GLR-1 levels were not broadly decreased (data not shown). Thus, additional proteins might have similar functions in neurons other than AVE.
We next tested whether GRLD-1 is only necessary during the initial establishment of GLR-1 levels in AVE or whether GRLD-1 is involved in maintaining levels of GLR-1. We created transgenic lines expressing grld-1 under the heat-shock inducible promoter (Phs) in grld-1 mutants 29 and performed a 2-h heat shock of L2-stage worms, in which the AVE axon and dendrite formation is already completed, and then scored the phenotype in the L4 young adult stage 18 h later (Fig. 7a) . The GLR-1 phenotype was rescued in the grld-1 mutants that expressed the Phs<grld-1 transgene after heat shock (Fig. 7b) . Heat-shocked mutants without the transgene or non-heat shocked worms with the heat-shock transgene were not significantly different from grld-1 mutants (P > 0.05; Fig. 7b ). These data suggest that there is an ongoing requirement for GRLD-1 to maintain GLR-1 levels after development has been completed.
DISCUSSION
The regulation of AMPA receptors is important for learning and memory. We found that GRLD-1 is a previously unknown C. elegans SPEN protein that is required to maintain normal levels of the AMPA receptor GLR-1 throughout the cell. GRLD-1 acts cell autonomously to regulate GLR-1 levels and likely functions by splicing glr-1 introns 1 and 2.
The SPEN family of proteins is comprised of long-form and shortform members. Humans and mice have one long form and two short form; whereas flies and worms have one long form and one short form. Both the mouse long form and short forms are expressed in the brain 30 . However, relatively little is known about the functions of the SPEN protein family, especially in the context of neurobiology. Mice with a conditional knockout allele of mint exhibit brain growth retardation and hypoplasia by 8 weeks of age, likely as a result of postnatal neuronal cell death 31 . In Drosophila, the long form, SPEN, regulates neuronal cell fate and axon guidance through the Notch and EGFR pathways 19, 32 . The Drosophila short form, nito, is involved in proper eye size development both antagonistically 33 and cooperatively 34 with SPEN.
Our results indicate that a member of the SPEN family, GRLD-1, regulates the abundance of AMPA receptors. Multiple lines of evidence support this claim: reduction of GLR-1-YFP in grld-1 mutants, lack of behavioral response in the nose-touch assay in grld-1 mutants, diminished glutamate-gated currents in grld-1(wy225) mutants and increased GLR-1 levels on overexpression of GRLD-1. These data suggest that GRLD-1 is a positive regulator of GLR-1.
SPEN family proteins are characterized by three N-terminal RRM domains and a C-terminal SPOC domain. RRM domains have been implicated in many aspects of RNA biology, including splicing, stability, editing, translational regulation and degradation 35 . The long-form SPEN homologs have been implicated in many studies as transcriptional regulators downstream of Notch/RBP-Jk, Wnt, EGFR and nuclear receptor pathways 19, 25, 31, 34, 36, 37 . However, there is less evidence for transcriptional regulation by the short-form members of the SPEN family and more evidence for RNA regulation. The mouse protein OTT1 binds the RNA of the RNA transport element (RTE, found in mouse retrotransposons) and promotes nuclear export and expression of RTE-containing reporter mRNAs 38 . OTT1 also binds the protein NXF1 (ref. 38) and the viral protein EB2 (ref. 23) , which are both involved in nuclear export of mRNA. In addition, OTT1 is found in the human spliceosome 39 . Similarly, human OTT3 may be involved in splicing, as its ectopic expression in cultured cells represses alternative splicing of beta-thalassemia 23 .
Our findings are consistent with those of previous studies indicating that short-form SPEN proteins function in post-transcriptional RNA regulation. We found that expression of intronless glr-1 cDNA resulted in near wild-type GLR-1 levels in grld-1 mutants. The glr-1 cDNA construct was also able to rescue the grld-1(wy225) nose-touch behavioral defect, indicating that GLR-1 levels were also functionally rescued. The removal of glr-1 introns, specifically introns 1 and 2, bypassed the need for grld-1 and resulted in increased levels of GLR-1 in grld-1 mutants. In many aspects, introns and their splicing promote protein levels by harboring transcriptional enhancer elements and facilitating processes, such as polyadenylation, mRNA nuclear export and translation 40, 41 . However, our results suggest that introns 1 and 2 in glr-1 negatively regulate protein levels of GLR-1. On the basis of these results, we hypothesize that GRLD-1 is a specific splice factor for glr-1 introns 1 and 2 in AVE. The nuclear localization of fluorescently tagged GRLD-1 supports the hypothesis that GRLD-1 functions as a splicing factor. Future RNAbinding and splicing assays will be needed to directly test this model.
The results of our heat shock experiments revealed that expressing grld-1 late, after AVE development was complete, was sufficient igure 7 Expression of grld-1 after initial development can rescue GLR-1 levels. (a) Schematic of heat shock experimental timeline. Worms were heat shocked for 2 h at 33 °C during the L2 stage or were not heat shocked (kept at 20 °C). GLR-1-YFP fluorescent intensity was measured 18 h after the heat shock. (b) Comparison of GLR-1-YFP fluorescence intensity (normalized to wild type) of wild types without heat shock, grld-1 mutants without heat shock, grld-1 mutants with heat shock, grld-1 mutants expressing grld-1 cDNA under the hsp16-2 and hsp16-41 promoters (Phs) without heat shock and grld-1 mutants expressing grld-1 cDNA under the hsp16-2 and hsp16-41 promoters with heat shock (n = 20). Error bars represent s.e.m. ***P < 0.001, t test. a r t I C l e S to rescue GLR-1 levels. This suggests a post-developmental role for GRLD-1 in calibrating levels of GLR-1, which is interesting given the importance of AMPA receptors in memory and learning. These experience-dependent events rely on modulation of AMPA receptor abundance and occur after the initial development of neurons has taken place. Previous studies have found that RNA splicing of NMDAtype glutamate receptors is involved in the regulation of receptor abundance for homeostatic synaptic scaling. Alternative splicing of the NMDA receptors results in different speeds of endoplasmic reticulum export and subsequent receptor levels at the synapse 42 . It will be of great interest to determine whether GRLD-1 has an experiencedependent role in controlling the levels of AMPA receptors.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
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